WHAT CAN WE LEARN FROM THE PREY-CAPTURE BEHAVIOR?
=================================================

Animal behavior should be adaptive to ever-changing environments, which is essential for survival. This behavioral flexibility is achieved by the cognitive faculty of the brain. In order to study the neural mechanisms underlying cognition and behavior, it is desirable to analyze the activity of individual neurons throughout the brain. Even though the ultimate goal is to understand the human brain, because of the overwhelming number of the neurons (10^12^ neurons) and their connections, reductionist approaches with animal models should be employed to investigate principles of neural functions. A zebrafish larva has approximately 78,000 neurons in a small, transparent brain ([@B16]), which allows us to observe a wide area of the brain in a single microscopic field and to visualize and manipulate neuronal activity during a behavioral task.

The zebrafish is a diurnal animal equipped with a highly developed visual system ([@B8]; [@B9]; [@B12]). Four days after fertilization, zebrafish larvae start swimming and feeding, and capture any potential food. We found that a zebrafish larva shows stereotyped processes of the prey-capture behavior against a small air bubble (**Figure [1](#F1){ref-type="fig"}**). When a larva perceives the air bubble (**Figure [1A](#F1){ref-type="fig"}**), the larva initiates the prey-capture behavior; namely, orients itself and exhibits eye convergence (**Figure [1B](#F1){ref-type="fig"}**). During this orienting behavior, the larva often performs J-turn, bending a far caudal part of the tail to one-side, to fine-tune its position and angle (**Figure [1B](#F1){ref-type="fig"}**; [@B21]). Then the larva approaches the air bubble as keeping their eyes converged (**Figure [1C](#F1){ref-type="fig"}**; [@B7]), and it captures it (**Figure [1D](#F1){ref-type="fig"}**). After a successful capture, the larva assesses if it is food or not. If it was not food, the larva spits it out (**Figure [1E](#F1){ref-type="fig"}**) and swims away from it (**Figure [1F](#F1){ref-type="fig"}**). In this behavior, there seem to be a couple of decision-making steps: the first step is whether to change its orientation toward the air bubble or to ignore it (**Figures [1A](#F1){ref-type="fig"},[B](#F1){ref-type="fig"}**). The final decision is whether to perform the action of catching or to abort the sequence of behaviors (**Figures [1C](#F1){ref-type="fig"},[D](#F1){ref-type="fig"}**). The transition from one step to the next step looks probabilistic.

![**Prey-capture behavior can be divided into multiple steps of actions.** A 7-day postfertilization (dpf) larva reacts to an air bubble. A possible cognitive or motor process is assigned to each action. **(A)** *Recognition*: An object (an air bubble) comes into sight of a larva and recognized. **(B)** *Approach*: The larva orients its body toward the object with eye convergence (indicated by two crossed dotted lines). An arrowhead indicates J-turn. **(C)** *Decision-making*: The larva makes the final decision to catch the object or abort the behavior. **(D)** *Capturing*: The larva successfully captures the object and put it into the mouth. **(E)** *Assessment*: The larva spits the air bubble out because it is not food. **(F)** *Leaving*: The larva leaves the air bubble to explore other areas.](fncir-07-00110-g001){#F1}

What factors are essential for the larvae to recognize the potential food and making the decision to initiate the prey-capture behavior? How are these decision-making processes modulated by internal states such as hunger or past experience? Through answering these questions, we will be able to get more insights into cognitive functions in the vertebrate brain.

GCaMP: A SENSITIVE PROBE FOR CALCIUM IMAGING
============================================

To identify neurons that are responsible for the cognitive tasks in the brain, we need a sensitive probe that can report activity in individual neurons *in vivo*. Calcium-sensitive fluorescence probes can measure calcium influx which occurs upon voltage changes in the neurons. Genetically encoded calcium indicators (GECIs) are particularly useful because they can be introduced into neurons of interest using a proper promoter that drives specific expression. GCaMP is a GECI, that consists of circularly permutated enhanced green fluorescent protein (EGFP), calmodulin, and calmodulin-binding peptide M13, and has been widely used for imaging ([@B24]). Previously, we generated transgenic zebrafish expressing GCaMP-HS, a modified version of the original GCaMP, and visualized activity of spinal motoneurons during a coiling behavior of an embryo ([@B23]). However, GCaMP-HS was not sensitive enough to report signals from individual neurons in the optic tectum (Muto, unpublished observation). Therefore, we generated a more sensitive GCaMP, GCaMP7a. Fluorescence changes detected with GCaMP7a during spontaneous neuronal activity in the tectal neuropil, were approximately threefold greater than those detected with GCaMP-HS. By using GCaMP7a, we could visualize neuronal activity in the tectum while the zebrafish larva perceived a paramecium (**Figure [2A](#F2){ref-type="fig"}**; [@B22]).

![**Functional imaging of the zebrafish larval brain.** GCaMP7a is expressed in the optic tectum of a 7-dpf zebrafish larva embedded in agarose. **(A)** Tectal responses during perception of a swimming paramecium (arrow). Calcium signals are observed in both cell bodies and the neuropil on the right tectum when a paramecium is in the left hemifield. Ratio image was created ad pseudo-colored to show fluorescence changes. **(B)** Tectal responses during perception of a moving spot. A small LCD screen is placed in front of the larva and a moving spot is presented (from left to the right). *Top*: Raw images to show eye positions. *Bottom*: Pseudo-colored images to show fluorescence changes. Yellow arrows indicate eye positions (angles). Yellow dotted lines delineate the optic tectum. **(C)** Eye positions (*top*) and GCaMP7a fluorescence intensity changes (*bottom*) during experiment **(B)**. A moving spot was presented during the time shown as an open arrow. Two-way arrows indicate the time points of 4.4 and 5.0 s shown in **(B)**. The eye convergence (inward movement of both left and right eyes) was evoked by the moving spot. **(D)** Neuronal activity in the optic tectum of a 4-dpf zebrafish larva. A spinning disk confocal microscope (CSU-W1, Yokogawa Electric Corporation, Tokyo, Japan) was used for recording. Scale bar: 50 μm. **(E)** The ratiometric image of **(D)** to reveal the fluorescence change. Small populations of neurons in the right tectum are temporally activated.](fncir-07-00110-g002){#F2}

The efforts to improve the signal amplitude and the calcium sensitivity of GCaMP are currently ongoing in several laboratories ([@B3]; [@B26]; [@B17]). The sensitivity of the latest GCaMPs can detect single action potentials *in vivo*. Yet, they may still be less sensitive in comparison to the chemical probe, Oregon Green BAPTA-1 (OGB-1; [@B3]).

HOW TO IMAGE? FREE-SWIMMING LARVA vs.IMMOBILIZED LARVA
======================================================

During prey capture against an air bubble or a paramecium, the zebrafish larva exhibits a sequence of discrete motor patterns. So, how can we image the moving brain? It is, in general, very difficult to detect fluorescence intensity changes of moving objects. In the previous study, we successfully detected neuronal activity in a free-swimming larva, mapped locations of the calcium signal in the brain and of the paramecia at the same time, and revealed that activation of the anterior optic tectum is likely to evoke prey-capture behavior ([@B22]). In this case, we imaged neuronal activity between bouts of swimming activity, that is, when the larva did not move ([@B22]). It is difficult to image the brain activity of zebrafish larvae in motion. With currently available GCaMPs, the duration of the exposure time required for image acquisition is typically in the order of tens to hundreds of milliseconds. This exposure time gives only blurred image when the object is moving. To image a moving larva, much brighter fluorescence probes and more sensitive cameras are required.

An alternative approach to image the brain activity is the use of a partially restrained larva; namely, its head and trunk are fixed in agarose while its eyes and tail are free. In this condition, two defining features of prey capture, eye convergence and J-turns, can be observed ([@B7]). The merit of this setup is that, one can present any visual stimuli on a liquid-crystal display (LCD) screen that may mimic an air bubble or a paramecium. Because motionless objects are not perceived in the visual system of a larva ([@B22]), the stimulus to be presented should contain a motion component, which maybe direct (e.g., a moving spot which mimics a paramecium) or relative (e.g., a stationary spot on a moving background, which mimics an air bubble). As shown in **Figure [2](#F2){ref-type="fig"}**, a moving spot could evoke both neuronal activity in the tectum and the eye convergence in the partially restrained larva. The eye convergence is an initial step of the sequential behaviors (**Figure [1B](#F1){ref-type="fig"}**). The succeeding steps of prey capture can also be investigated in a closed-loop virtual reality setup ([@B33]). Thus, we can study multiple steps of prey capture in a partially restrained larva. What visual cues are more likely to evoke prey recognition? Which neurons are activated during the prey recognition? How will these neuronal activities be changed before and after the larva learned that the air bubble was not food?

Pioneering ethological study by [@B13] showed that, in prey catching behavior, toads preferred visual stimuli that resembled a shape and moving pattern of a worm, in contrast to the same shape rotated by 90°. In zebrafish, preference for size and speed of a moving spot in prey-capture behavior has been reported ([@B7]). In medaka fish, a moving object with pink noise component was more potent to evoke feeding behavior ([@B20]). These findings should be taken account into the parameters to create a "virtual paramecia" on the LCD screen.

TOWARD ELUCIDATION OF THE ENTIRE FUNCTIONAL NEURAL CIRCUITS FOR PREY CAPTURE
============================================================================

The optic tectum has a laminar structure; superficial layers that receive sensory input and deeper layers that are involved in motor output ([@B28]). Visual information processing for prey recognition starts at the most superficial layer, the stratum opticum (SO) in the tectum. [@B10] discovered that a subclass of GABAergic interneurons located in the SO responded preferentially to visual stimuli with larger spatial frequency, and was indispensable for recognition of small objects and paramecia. We predicted functional connections between the anterior tectum area and the motor pathway that generates approach swimming ([@B22]). Identification of the neural pathway(s) that follows the initial stages of visual perception is the target of the future study. [@B15] found that a pair of reticulospinal neurons, namely, MeLc (caudal medial--lateral) and MeLr (rostral medial--lateral) in the nucleus of the medial longitudinal fasciculus of the midbrain tegmentum is essential for prey capture, specifically orienting behavior. These reticulospinal neurons extend their dendrites toward the ventral tectum, which suggests that they convey the output from the tectum to the motor system ([@B15]). It is unclear whether these identified pathways play a role in prey recognition itself (e.g., pattern recognition of food) or in up- or downstream of it (e.g., specifying the range of possible food size, or relaying the motor command for prey capture). The neural pathway(s) that follows the initial stages of visual perception will be identified by examining neuronal activity of the entire brain using pan-neuronal GCaMP expression ([@B1]) and also investigating specific populations of neurons in which the GCaMP is expressed via Gal4-UAS system ([@B19]).

TECHNICAL REQUIREMENTS FOR THE FUTURE STUDY
===========================================

To explore neuronal activity in wide areas of the brain by calcium imaging, it is necessary to achieve single-cell resolution deep in the brain with high acquisition rates. Fulfilling this requirement is still a technical challenge. Fluorescent compound microscopy can generate real-time images (typically, \~10 fps in our recording set up), but only detect calcium signals near the surface of the tectum from a dorsal side (**Figures [2A](#F2){ref-type="fig"},[B](#F2){ref-type="fig"}**). It does not give enough resolution along the *z*-axis to separate signals from overlapping neurons. Two-photon scanning microscopy gives much deeper light penetration with excellent image quality. The drawback is a slow frame acquisition rate due to the slow laser scanning (a few frames per second; [@B1]). A spinning-disk confocal microscope can achieve a higher temporal resolution, and onset of the calcium rise could be determined with a precision of up to several milliseconds ([@B32]). We could detect neuronal activity at a single-cell resolution in the optic tectum (**Figures [2D](#F1){ref-type="fig"},[E](#F1){ref-type="fig"}**). The use of light sheet microscopy may solve both penetration and temporal resolution problems, and has been applied to the entire brain imaging ([@B18]; [@B2]). Another critical issue in calcium imaging of the visual system is how to minimize undesirable retinal stimulation by the excitation light. *nacre* mutants have been commonly used because the lack of melanophores in this mutant allows light penetration which is necessary for brain imaging, whereas the intact retinal pigment epithelia block the scattered excitation light coming from the back of the retina ([@B30]; [@B22]). The amount of excitation light should be minimized so that it does not interfere with the visual stimulus.

Once we identify neuronal circuits activated during a prey-capture behavior, we need to manipulate their activity to prove necessity and sufficiency. Necessity can be tested by blocking neuronal activity with a neurotoxin ([@B6]) or optogenetic tools such as halorhodopsin ([@B5]). Sufficiency can be tested by optical activation of the identified neurons with light-gated glutamate receptors or channelrhodopsin-2 ([@B11]; [@B35]; [@B5]). These effectors can be genetically expressed using a tissue-specific promoter ([@B14]), the regulatory elements located on a bacterial artificial chromosome (BAC; [@B31]), or Gal4 driver lines in combination with UAS constructs ([@B6]). A possible limitation is that expression of effector genes may not be restricted to specific neuronal circuits, rather, they are often expressed in multiple regions. To achieve specific expression of effectors that inhibit neuronal activity, it will be necessary to combine two expression systems, e.g., Cre/loxP and Gal4-UAS ([@B29]). Specificity in the optogenetic activation can also be achieved by spatially restricted illuminations. Fiber optics can be used to illuminate a small area by choosing an appropriate fiber size ([@B4]). Spatially patterned illumination can be achieved with a digital micromirror device (DMD; [@B37]) or by digital holography ([@B27]).

The effect of neuronal activation by channelrhodopsin-2 or inhibition by halorhodopsin should be confirmed by calcium imaging, which requires the simultaneous use of an optogenetic tool and a calcium probe. Both GCaMP and channelrhodopsin-2 require blue light, and therefore cannot be used at the same time. Color-shifted GCaMPs have been developed ([@B36]; [@B25]; [@B34]), and their usefulness *in vivo* in transgenic animals should be investigated and demonstrated.

In conclusion, prey capture in a zebrafish larva involves cognitive processes and, therefore, serves as an excellent model to visualize higher brain functions at a cellular level. As a first step, we visualized neuronal activity at the initial step of the prey-capture behavior, prey perception ([@B22]). Further imaging studies will reveal the entire functional neuronal circuits that are activated during this behavior. In combination with recent technology advances including optogenetic tools, we will obtain more insights into basic principles of computational and cognitive properties of the brain.
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